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O (57) Abstract- A UV laser beam is used to machine semiconductor. The beam intensity Gb) is chosen so that it hes m a range of 
^ such values for which there is an increasing (preferably Unear) material removal rate for increasing U- An elongate formation such 
> as a trough or a slot is machined in n scans laterally offset (0- centre), for each value of z-integer in the z direction. 
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"PoNTROL HF T.ASER Machining" 



TMTPnnTTCTION 
T7tp1d of the Invention 

The invention relates to the control of laser machining, particularly of senuconductor 
xnaterial such as silicon wafers. Gallium Arsenide. Silicon Germanium. Indium 
Phosphide and others. 

P^ny^rt Discussion 

Machining a semiconductor wafer is conventionally achieved by dicing the wafer 
ydth a saw. For example. EP0202630 describes the use of a dicing saw for 
machining streets in silicon wafers. Mechanical machining has disadvantages such as 
low yield, chipping and cracks. Thin wafers cannot be machined and specialised 
applications such as machining curved strucmres. internal through holes, etc.. are not 
possible. 

It is also known to use laser beams for machining semiconductor substrates. 
US5214261 describes a method where deep ultraviolet excimer laser beams are used 
to dice a semiconductor substrate. Excimer lasers, however, do not cut with 
suf&dent speed for many applications. 

Other lasers such as Nd:YAG (1064nm) and CO2 laser have also been used in 
semiconductor substrate micro-machining. These lasers generate debris and large 
heat affected zones. US4224101 describes the use of a Nd:YAG laser to form grooves 
in a semiconductor. This step is foUowed by a deave and break step along tiie 
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grooves. A ft«her s«p requiring chemical etching was used to temove fl« debris and 
hot particles that land on the wafa and.fuse to the surface duiing madmmg. 

These lasers do not appear to have been appUed successfully to precision 
appBcatos. The reason for this is that *e <paUty of the edge formed is not 
acceptable. Also, heat is generated at te cut front, te may result in damage to the 
electrical fimction for whid. Ae component v«s manu&ctored. Heatmg of Il.e 
subsuate material induces thermal stress in ^er which can cause microcra<fa, 
having a deleterious effect on lifetime and fVaictioa 

US5916460 describes the use of a defocosed beam and a hi^-pr«sure flow of assist 
gas to suppress the generation of micn^cracks. A defbcused beam incident on the 
^ of the wafer generates a crack, which propagates along the dicing diiectK.n. 
Controlling such a process is difficult. 

-nus invention is therefore directed towards providing for improved nmchining of 
sennconductor material. The improvements specifically, are that the process 
toou^put and quality are sufficient to allow low cost manufacturing of components 
as well as enabling the manufecture of precision miao-machined stmcmres such as 
20 miao-fluidic devices. 



15 



25 According to the invention, there is provided method of machining a semiconductor 
material using a laser beam in which a formation is machined in the material to a 
width S using a laser beam of intensity I,, and in which the beam is controlled to 
machine the material with a kerf K, 



30 



characterised in fliat. 
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the beam is controlled to scan n times, n being n ^ 1 and, where n > 1 , each 
subsequent scan is laterally ofifeet and parallel to a preceding scan, and n is 
^S/K. 

In one embodiment, the value for Ib is chosen to He in a range of values of Ib for 
which material removal rate increases with increasing Ib- 

In a further embodiment. I^ is in a range for which material removal rate inaeases at 
10 a rate of at least 30% with increasing intensity. 

In one embodiment, the lateral offset between scans is in the range from one micron 
to the kerf K. 

15 In a further embodiment, the lateral ofeet between scans is selected by varying the 
lateral offset in steps from one miaon to flie kerf until the net machining speed is 
optimised. 

In one embodiment, machining is achieved by repeating scans with n ^ 1 in each of 
20 a number of steps (z) so that material is removed in a sequence of steps from the 
sur&ce downwards. 

In one embodiment, the beam dimensions at focus are controlled so that the beam 
intensity, Ib, results m minimisation of the total number of scans required to define 
25 the required formation. 

In one embodiment, the laser beam is pulsed, and the pulse repetition frequency and 
scan speed are chosen to provide a pulse overlap in the range of 30% to 98%. 
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In another embodiment, the laser beam is pulsed, and the pulse overlap is selected m 
the region of 30% to 85% to control and refine the texture and roughness of the walls 
of a machined channel or the waUs and bottom of a machined trough and to dean ^ 
residual debris. 

In one embodiment, the chamiel width (S) is chosen so that the net machining speed 
is fastest when compared to the machining speed for larger or smaller chamid widths 
as machined under optimal values for the number of parallel laser lines for that 
particular channel width. 

m one embodiment, the laser beam wavelength is in the range of 350mn to 550mn. 
the repetition frequency is greater than 5kHz. and the average laser beam power is 
greater than 3W. 

In anolher embodiment, the laser beam wavelength is in the range of 250 to 300 mn. 
the repetition frequency is greater than IkHz. and the average power output as 
greater than IW. 

In one embodiment, scan velocity, laser power, and pulse overlap are chosen to 
20 control depth of material removal in any one scan. 

m another embodiment the method comprises the further step of. after machining, 
performing a final laser scan in which: 



15 



25 



the beam diameter is greater than the width S, and 

the beam intensity is below a machining intensity threshold; 



30 



whereby a machined formation is cleaned. 
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In one exubodiment, the method is performed to machine through channels to 
singulate die. 

In another embodiment, the semiconductor material is a substrate for a micro-fluidic 
5 device. 

In a further embodiment, a trench is formed in a surfece of the substrate, the trench 
being suitable to act as a fluid deUvery channel of a micro-fluidic device. 

10 In one embodiment, the number of scans and lateral ofifeets of the scans is varied so 
that a tapered structure is formed in the material. 

m another embodiment, a tapered structure is formed in a circular or elongated 
aperture. 

15 

In a further embodiment, a plurality of tapered structures are machined to form 
wells, funnels and through hole channels of the micro-fluidic device. 

In one embodiment, the material is machined from a top side, and subsequendy from 
20 a bottom side, the formations from the sides joining to form a single through 

formation. 

M one embodiment, a top side camera and a bottom-side camera are aligned and 
calibrated such that a transformation mapping coordinates of the top camera to 
25 coordinates of the bottom camera is known, and the top side and bottomside 
material coordinates are registered with respect to each other for registration of 
machining on both sides . 

In one embodiment, machining of the material from both sides enables the formation 
30 of curved and tapered elongate and circular wall structures. 
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In another embodiment, a fume extraction head is used for extraction of fumes and 
soUd debris from above and below the material, and wherem assist gas is directed at 
the material to control the deposition of debris and assist the machining process. 

According to another aspect, the invention provides a laser machining apparatus 
comprising a laser source, means for directing a laser beam from the source at a 
semiconductor material to machine wilh a kerf K to a width S. and a controUer for 
controlling parameters of the laser beam, 

diaracterised. in that, 

the controller comprises means for directing the laser beam in a plurality 
of n parallel passes, said passes being laterally ofifeet. and wherein n is 
greater than or equal to S/K. 

In one embodiment, the controller comprises means for controlling laser beam 
intensity (L,) so that it Ees in a range of values of intensity for which material 
removal rate increases with increasing intensity. 

m one embodunent, the laser machining apparatus further comprises a fume 
extraction system having suction inlets above and below the material support means. 

In one embodiment, the laser machining apparatus further comprises a gas blowing 
5 system comprising nozzles for directing an assist gas over the material being 
machined. 

m anolher embodiment, the laser machining apparatus fiarther incorporates a vision 
system which consists of top and bottom camera systems in registration. with each 
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otiier. and a controller comprising means for using images from the cameras to 
ensure registration of the material after flipping. 

j.y>j f^ P T7p n- pgPPTPTTOM TWP rnVF-NTION 

5 

^Tifif nAcrriptinn of the. Drawings 

The invention will be more deady understood from the following description of 
some embodiments thereof, given by v.ay of example only with reference to the 
10 accompanying drawings in whicfa:- 

Fig. lis apian view ofasiliconwaffershowingacutpattem; and 

Fig. 2 is a diagram illustrating machining directions using a window strategy 
15 and a raster strategy; 

Fig. 3 illustrates a five-step machining process to remove a volume of 
material, illustrating parameters such as the dimension of kerf, K. and die 
^ S of a trench formed by a laser beam of width w. vrheie w is the " 1/e 
20 squared" diameter width of the laser beam; 

Fig. 4 is a representation of an alternative set of variables required to remove 
a similar volume as depicted in Fig. 3 in three steps; 



25 



Fig. 5 illustrates a typical map of laser pulse spatial positioning; 

Fig. 6 is a set of plots of material removal rate vs. beam energy for a fixed 
beam diameter and with various overlaps; 
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Fig. 7 is a perspective view of a microfluidic device machined according to the 
■ invention with surface trenches connecting through-holes, wells, and funnels; 

Figs. 8 to 13 are diagrams illustrating machining of various microfluidic 
device features/formations; 

Fig 14 is a perspective partly cut-away view of a fume extraction and gas 
assist apparatus used for laser machining, and Fig. 15 is a more detailed view 
of a gas assist part of the apparatus; 

Fig. 16 is a diagrammatic side view of a channel machining strategy, Fig. 17 
is a diagram illustrating window machining paths for one step (top step 1) in 
this channel, and Fig. 18 is a SEM image of this chamid in a -700 micron 
thick silicon wafer; and 

Fig 19 is a diagrammatic side view of another chamid illustrating the 
n^chining strategy, and Figs. 20 and 21 are diagrams illustrating machining 
laser pafts for iMs 

20 n^rri pHnn c ffrT Pti'"^'"'"'« 

The tavention provides a system ^ meftod for mcro-madnntog semicondmor 
wafers by means of UV and visible light iMuced photo-ablation and other 
ftadamental physical processes. Ihe laser systems are diode pmr^ sohd state 
25 laser systems e.g. (Nd: WO. @1064mn) with second (532mn), ted (355mn) or 
four* (266nm) harmonic emfcsions. In particular 532mn and 355nm lasers provvie 
good speed with acceptable quality and 266nm systems provide good laser 
Dependtog on the exact wavelength of the emission the harmomc 
wavdengte may also vary slightty (e.g. N4 YAG). The system .Hows for 
30 complicated shapes, blind and cut-out. to be machined on both srdes of 
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semiconductor wafers at high speed. The method employs a laser source arxd an 
accurate scanning and positioning system that involves a high resolution xy stage 
and a two-axis galvanometer. A high-resolution two-camera imaging system is used 
for the accurate positioning of the wafer and the inspection of the micro-machmed 

5 features. A topside vision system is used to provide positional infomiation to a 
central processor. This vision system operates when the wafer is in Ihe "artwork up" 
position. The topside vision system may be at a fixed o&et to the laser beam 
positioning system, or the vision system may operate through the beam delivery path 
and focusing lens. The material handling system is designed to aflow a wafer to be 

10 placed in an xy table chuck with artwork facing upwards or downwards. A bottom 
side vision system is used to provide positional information for wafers with the 
artwork facing downward. 

The system also includes a sophisticated gas blowing and debris extraction system. 
The debris extraction device ensures that debris does not land on fidudal locations so 
that accurate vision and aligmnent is possible. The gas assist device ensures that 
debris is directed away &om the machining front and from the topside of the wafer 
into a debris extraction system. Th. gas assist device also improves machimng speed 
when the gas jets are directed along a cut. 

m one embodiment, a pulsed UV laser source of average power larger than 4 Watts 
is used for the laser machining. Th. beam is defivered to the wafer using dielectnc 
xnirrors designed for the appropriate wavdenglh. laser power, polarisation and angle 
of incidence. A beam expander can be used to set the diameter of the beam at the 
25 input to the galvanometer. The beam is then directed into a two-axis galvanometer. 
Attached to the galvanometer is a telecen^c f theta flat field lens that delivers 
uniformly a focused beam to an area of up to 100mm by 100mm. In order to 
n^chine the whole area of the wafer, an x-y stage is used. This x-y stage incorporates 
a wafer holder. Ihe x-y stage can be controlled to comiect areas outside the galvo 
30 field of view to enable machining of long chamiels across the entire wafer. A 
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handling robot is used to position the wafer in the xy table with artwork feeing 
upward or downward as required. This allows the wafer to be machined on both 
sides. The wafer holder is designed for a wafer of specific diameter. It can however 
be easily changed to accommodate wafers with smaUer or larger diameters including 
5 200nmi and 300mm wafers. Two high-resolution cameras, one at each side of the 
wafer are used for the aligmnent of the wafer and the inspection of the machined 
structures. A gas blowing and a debris-removing system assist the laser machining 
process. 

10 All control systems, data systems, motion systems, vision systems and beam delivery 
are processor controlled. 

An example of a semiconductor wafer 50 is shown in Fig. 1 . in which a wafer pattern 
is divided in rectangles. Other applications such as array waveguide grating 
15 singulation may require machining a curved structure. An example of a cuttmg 
pattern, a long through hole channel, is shown in Fig. 2. It can be seen tiiat tiie 
diamiel is machined using a combination of rastering 10 and window 1 1 cutting. 

A limitation on the material removal rate from silicon and other semiconductor 
20 materials is that the basic rate of material removal decreases as a function of depth 
into the substrate. Accordingly, scamiing a high power laser aaoss the surface of a 
substrate results in a specific material removal rate. Scanning further downward in 
the same location results in a decreasing material removal rate. 

25 The reduction in material removal rate is due to several fectors. Beam attenuation by 
airborne debris, debris condensation on the side wall of the chamiel resulting m 
shape modification, and beam attenuation by condensed debris all contribute to tiie 
reduction in machining rate. 
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To increase Hxe overall machining speed the invention reduces these effects. Effective 
means to do this are to make the channel wider throughout the drill process from top 
to bottom, to use assist gas. and to drill the wafer from each side such that the aspect 
ratio of each channel is low. 

An objective of machining is to machine through flie wafer at the highest speed 
possible while meeting the required specification for edge smootoess and without 
reducing the mechanical strength of the wafer or substrate material. Causes of 
damage include excessive thermal loading of the wafer. To provide high speed 
xrncro-machining and profihng. it is necessary to control the base set of laser and scan 
parameters and to provide a controUed machining strategy which results m a net 
increase in the speed of machining without thermally loading tiie wafer and without 
generating chips and aadcs in the wafer. To tiiis end. straight wall or curved waU 
strucmres may be defined by iteratively machining from top to bottom More 
generaUy. full 3D profiled micro-machining. and metiiods to achieve such structures, 
are described in the context of the wafer parameters, laser parameters, hardware and 
laser scan parameters that contribute to the improvement in the machining process 
and speed. 

Finally, to provide scalability of the speed of machining with laser power the 
invention optimises parameters at the highest available power so that this additional 
power can be exploited for increased speed without affectmg the resulting wafer 
quality 

To describe tiiese prmdples it is useful to initially define &e parameters. 



Wc^er parameters 



Kerfwidth (kerf. K) 

30 
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m kerf is the width of the trench (in microns) defined by the laser during a single 
scan across the wafer surface. The value wiU vary according to the laser pov.er . beam 
diameterandolherparameters. This is measured by the user. It is iUustrated m Fxgs. 

3 and 4. 

Channel width (S) 

This is Ihe target width of the channel (or trench) in miaons and is also illustrated in 
Figs 3and4. The channel width is derived from a CAD input, and is defined by the 
number of laser lines(njaser hnes). lateral offset between these lines (O.centre), and 
the kerf. In the case where the oSset ( 0_centre) equals the kerf width ( K) this 
reduces to S = kerf * njaserlines. 

Number of passes (z-integer) 

Tl,e total number of scans of laser lines over the same location resulting in increased 
^chining depth at that location. Ihe total number will determine the depth and 
profile of tiie channel that is etched. Fig. 3 illustrates a machining process m which 
z-integer=5. 

Number of laser lines (njaserlines) 

The number of scans of the laser across the width (S) of tiie channel. As shown in 
Fig 5 n laserlines has values of 6. 6. 6. 5. 5 for the five layers in order fi^om top 
down, m the case of Fig. 3 z_integer is 5 and in Fig. 4. the z_integer is 3. 

Offset between lines (O.centre) 

The centre-to-centre distance between consecutive laser lines etched along the 
channel. This is represented in Figs. 3 and 4. In the represenUtion O. centre is 
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appr»d™«ly *e kerf widd, bu, may b= any value. The lateral ofSe. ( OM 
nLber of pa«M laser lines ( njaserlioes) and kerf (K) define *e ch»mel mdth 
(S) The vataes may be changed for each layer during the machining process to create 
erpered structures such as ftanels, wells, through-holes, and channels. 

Scan velocity (v_jaIvo) 

The velocity of the beam on *e substrate due to the scanning motion of the galvo. 



10 Optical Parameters 
Beam diameter 



Beam diameter refers to 4e 1/e squared diameter widft of the spatial mtensty 
15 profile of the user. In silicon, the kerf wid*, K is a taction of the beam dume^r at 
Lus. Beam diameter is a variable that can be con^olled through '^echonof ^e- 
lens, scanlens or throng the use of a beam telescope. Tl.e effect of 
modifying beam diameter is to modify fte power density levels at focus. 

20 Peak power density (Intensity W Peak power per unit area. Peak power is 
determinedby energy per second. Accordingly peak power density is defined by 



mere E is energy in Joules, Ot is the pulsewidth in seconds and A .s area m 
2S cen^etre squared and the peak power density is in Watts per cendmetre s,u^ 
m this specification *e peak power density (intensity) of a beam rs represented by 



ir 



Energy density Energy per unit area (Fluence) 
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E 

ED.-Fluence^ — 
A 



Where E is energy in Jonles and A is area in centimetre squared. The units of energy 
density are Joules per centimetre squared. 

5 Laser energy and power output 

Typically, Q switched laser systems show an average power maximum output at a 
specific repetition frequency. Below this repetition frequency, individual pulse 
energies can be higher than pulse energies at maximum average power. At repetition 

10 frequencies above this, individual pulse energies are lower but the number of pulses 
deUvered per second is higher. These facts have an impact on machining. In 
. particular, the energy density dependence of the material removal rate can dictate 
that Ihe optimum machining rate for a given beam diameter at focus, may occur at a 
repetition frequency higher than the repetition frequency at which the laser average 

15 power is maximum. Therefore, optimum machining conditions may occur at an . 
average power output that is lower than die maximum. 

* 

Depth of focus 

The depth of focus for focused beams from second, third and fourth harmonic YAG. 
YLF and vanadate type lasers is larger than in multimode lasers and in lasers with 
large M squared values. This is primarily because the spatial output form YAG, YLF 
and vanadate lasers is Gaussian. This is to advantage in lhat noachimng of thick 
wafers is possible as generally, the wafer thickness is such that it can be placed at a 
fixed distance from the working lens without repositioning to compensate for 
defocusing eflFects. 

Furthermore, the position of the machining relative to the plane of focus can be 
controlled through moving the sample through the focused beam or by adjusting the 
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fco^ing optics manuany or a. autofocus system. TWs may be te^d 
small focused beam diameters. ^ 

Overlap 

' overlap is deft«d as the percentage of the *e«n diameter that overlaps spatially 

with *e diameter of other pulses in se,ue^ a. beam is scamped in a particular 

direction, as illustrated in Fig. 5: 

, \ scan velocity/ 1 
focused beamdicaneter-^ /repetitionrate] 

10 Overlcp{y^= focused beamdiameter 

spatial ovedap is a parameter *at cona*u«s to an improvement in m«Juning 

speed. 

15 MalUnmgspctdandmstratesi^ 

The n^ber and the length of .he rastering beams depend on the «idm and me 
^ desired miao.struc«>re. The distance between d.e 

Sas on *e dimensions of ti« boused laser beam. speed a. whrd. the b«m 
a, ^Led depends on to dimensions of the focused beam and .he repetifon ra^ of 
::rer,ri. is ti^sei^rs that govern the spatial overlap between each laser 

spatial pulse profile. 

X.e basic oiterion on which the ma^ining speed is improved is by «c^ f = 
,5 Inne. widd. to aUow escape and fbr«d removal of debr.. d>e overal cut rate . 
traced. The cut rate is d.fn«l by the scan rate divided by to number of passes 
Tequiredto achieve to »t. TOs can be represented formally by to e^on: 
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'^gatvo 



where v galvo is the galvo scan velocity, z.integer is tixe number of depth wise passes 
and njaserlines is the number of laser line widtiis that form tbe channel width as 
5 described above. 

To machine a chamiel between two adjacent die on a semiconductor wafer a volume 
of material in the channel (street) between must be removed. IHe speed at which this 
process can be conducted is a function of the laser parameters, the optical properties 
10 of the beam , the material properties, and the machining strategy used to remove Hie 
material. IHe machining strategy may require the laser, optical or scan parameters to 
change throughout the machining process. 

Referring to Fig. 6. a set of plots is illustrated for material removal rate (depth of cut) 
15 vs energy of the beam used. It wiU be observed that there is increasing depth with 
increasing energy in an approximately linear relationship for an energy range of 0 - 
140 mJ. -nie linear relationship ranges are used for machining. Itese increasmg 
imear near linear or super linear relationships may also exist at higher pulse 



20 



energies. 



25 



For a single channel machined with a given beam diameter, the depth of the chamid 
inaeases with increasing energy. The amount of the increase in depth as a function 
of the inaease in pulse energy depends on the actual energy density. For maximum 
machining rate in blind and through holes it is critical to utilise the beam diameter 
where the energy density dependent machining rate is not saturated. 

m Fig 6 tHe effective "non-saturated" energy density range is from ~10J/cm^ to 
~62J/cm^ corresponding to peak power densities in the range from 5.5 x 10' W/cm 
to 3 4 X 10' W/cm' for a 355mn Q_switched laser source with a pulsewidth of 18 ns 
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n^chining in Silicon. Increasing the pulse energy beyond these values results in a 
nnnimal increase in the machining depth and accordingly, in the net machining rate. 

Under similar conditions the shape of the curve and the energy density and peak 
power density values for which machining is optimised vary. Furthermore, the range 
of values diJffers for each different machining wavelength. 

Finally the parameters that lead to the optimisation of energy density and peak 
power density depend on the laser source pulse energy, the variation in the output 
laser average power and pulse energy with pulse repetition rate, pulse width, beam 
diameter and the material response to increasing energy and power density. 

Also there exists an optimum overlap between pulses where this relationship is 
fevomable towards more efficient machining. In Fig. 6 this optimum is 87%. 
15 Generally. tHe preferred overlap region for through hole machining is in the region of 
70 to 98%. At these overlap values, tiie thermal contribution to machimng is 
significant, however, it has Uttie impact on active device functionahty as heat is 
localised Where the fliermal effects do have an impact is in the generation of molten 
debris For tiiiough hole or channel machining, tins debris can be removed tiurough 
the use of "cleaning passes" which may occur at higher scan velocity or lower pow« 
or both. Generally, fbr "dean" chamiels higher speeds are preferred and overlap 
below 80% provides more uniform channels. 

In anotiier embodiment, chamiels. through holes and micro-machined features 
formed as described above may require further cleaning or etching steps. Typically, 
the etching mechanisms include wet and dry etch metiiods using KOH, TMAH. 
BHF SF, CF./0. and otiiers. Using laser and chemical/dry etch techniques, tixe 
versatOity. simplicity and speed of laser based techniques can be combined witii tixe 
exceptional finished quality of chemical etdi techniques to provide a powerM 
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prototypiBg tool with real prospects for semiconductor and micro-fluidic device 
manufacturing technology . ^ 

m the example shown in Fig. 6. the fovoured area of operation is up to 140 micro- 
5 Joules at 355nm. For a beam diameter obtained with a 100mm focal lengUi f theta 
tdecentric lens (theoretical beam diameter 17 microns) this energy density is effiaent 
for machiiiing silicon. 

For optimum mchiiring the beam is scami^d .Uas«Ii«s times te a given val>« of 
0 s nlaserlines being aa integer greawta. or «^ to 1. Where ^.sedines is 
than 1, the second and any subsequent lines are parallel to die pr«edmg 
«ans and are laterally oftet. In general, n^Iaseriines a S/K is required «. achieve 
fl,e target channel vddth S. The degree of lateral offiet, O.cenore, de<«mmes 
n lasedines and is, in turn, determined by the peak power density (mtenstty I.) of to 
15 bLn and other parameters. Also, I. is chosen «> be in one of the ranges for Imear 
rdationship^th increasing material removal rate for the particular semiconductor , 

material. 

•n,e pulse overlap is a function of v^alvo. the laser repetition frequency, and beam 
20 diameter. Itispreferably intherangeof 70%to 95%. 

m overall net machining speed is v^vo/nJaserlines*z_integer. To maximise 
machining speed it is necessary to maximise the galvo velocity (v_galvo) and 
^se the values of njaserlines and z.integer such that an acceptable feature 
25 quality is achieved. 

I^e lateral offset (O.centre) is also chosen for any step in the machining strategy to 
adiieve the desired channel or trench side waH profile. Thus, where the side walls 
are to taper inwardly, and downwardly, the O.centre value may be deaeased for 
each successive step to approximate this profile. In the example of Fig. 3 such a 
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taper is achieved by reducmg nJaserliBes. but it could alternatively be achieved by 
decreasing O centre. Although the variation may appear step like in a geometnc 
layout, the actual resulting waU profiles can be made continuous by appropriate 
choice of parameteis. 

mere a through channel (slot) is being machined and it is desired to have curved 
and inwardly tapered walls at both the top and bottom of the chamid. the substrat. 
may be flipped and machined from the opposite side. Registration is ensured by use 
of both top and bottom cameras. 

To ensure accurate registtation it is necessary to condensate for di&rencea in Md 
Bghting, magiufications. and exposures between camera systems teongh caHbraOon, 
There is also calibration of the relative offiets and skews between the cameras. 11ns 
be achieved by imaging a target wift position calibrated toou^-holes and 
^ fl„ appropriate transform to map between imaging planes. Generally, an array 
of tee holes distributed teoughout the field of view is suffiden. to ensure accurate 
tegistratioii. 

m one embodiment the camera is offiet at a fixed distance to the galvanometer and 
therefore the beam position. This fixed offset is susceptible to thermal fluctuations 
and vibration. To counteract the thermal shift it is necessary to provide feedback. 
This is achieved through measurement of a machined through-hole feature with 
respect to a fiducial. Offsets in the through hole position, with respect to the expected 
position, are fed into the system as a correction. Ihe position is measured wxth a 
through hole vision algorithm acting on an image acquiredby one camera. 

Alternatively, in a second embodiment, the vision system is ahgned to view teough 
the beam deHvery head. This requires that the optical path is designed for a vrewmg 
channel wavelength appropriate to tiie sensor spectral response 
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Figs 3 and 4 illustrate how different values of nJaserliBes and z.integer achieve an 
approximately similar sized trench, where different beams with different kerf values 
are used. 

Machining control according to the invention may be used to machine microfluidic 
formations in semiconductor substrates. Referring to Fig. 7 a microfluidic device 100 
comprises through-hole apertures 101 and a network of miao-trenches 102 m a 
semiconductor substrate 103. The apertures 101 allow liquid to flow though the 
substrate to complete a flow network. The miaofluidic dxcuit also comprises 
furmels 104 and wells 105. Typically, the trenches and apertures have a width m Ihe 
range of 1 to 200 microns, and more generally they may be in the range of 0.1 
xruaons to an arbitrary maximum. The depth of the trenches is controlled through 
control of the laser and scan parameters. The width of the trenches is controlled by 
xnovmg the sample through the focal plane to achieve larger or smaller kerf widths. 
Alternatively, the beam focus can be moved or changed using in-line beam optics. 

The ability to machine both sides of the wafer coupled with registration of top to 
hottomside positions, enables machining of complex tapers and through hole features 
sucli as funnels. 

The driU strategies required to febricate these stmctures may be understood with the 
assistance of Figs. 8 to 13. In Fig. 8. a blind hole or "weU" structure 110 is 
iUustrated. with a concave taper. The concave structure may be formed by varymg 
the values for the lateral offset, O.centre from one scan to the next, and the number 
of paranellaser lines. n_laserlines. at each step downward when machining fr 

side. Likewise for a convex well. 112. as illustrated in Fig. 9. 

Risk of damage to the substrate (in the form of chipping) is mmimised if machining 
takes place on both sides of the wafer. 
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A fuimel shape is dictated by choice of njaserlines and O.centre and a concave 
funnel 113 is shown in Fig. 10. If machining takes place from one side only, a 
convex funnel 114 is possible (Fig. 11). 

5 Finafly, a Funnel 115 with a dual-sided taper is possible by madiining from both 
sides of fee wafer with correct njaserlines and O.centre from each side (Fig. 12). 

Fig 13 fflustrates liie simple case where an ingot 120 is removed. In flie case where 
the radius is significantly larger than 300 miaons it is necessary to use a window to 
10 remove the ingot. Tliis is equivalent to removing a semiconductor die and the total 
machining speed is determined by the perimeter length and the machming speed for 
the channel. 

A plate or wafer may be subsequently bonded to or grown onto Ihe substrate to cover 
15 the channels so that they are internal, and fluid access is provided by through 
apertures or fiumels in the substrate or the plate, thus forming the complete device 
Structure. 

Referring to Figs. 14 and 15, a fume extraction and gas assist apparatus 150 for liie 
20 system is iUustrated. The laser machining generates particulate and gaseous debris. 
In particular, the process of laser machining through the use of high peak power Q 
switched laser beams, results in the generation of large amounts of sub-micron and 
xnicron sized particles as well as various gases and chemical emissions. This debns is 
removed from the machining region for disposal using the apparatus 150. 

The apparatus 150 comprises two arms 151. The wafer is mounted between the two 
arms at the right hand side as viewed in Fig. 14. THe laser beam passes through the 
top aperture and another aperture in the top arm to reach the material. Debns 
removal is initially primarily from the top . and as the beam cuts through the matenal 
30 itis from the bottom The lower arm canies debris and gas to an outlet 153 from the 



wo 02/34455 



PCT/IEOl/00136 



22- 



bottom Of me wafer. The upper arm 151 carries debris and gas to an intersection 155 
with the lower arm and-both are fed to the outlet 153. Gas and debris are removed 
from the machining front on the wafer through suction ir^ets 157 above and below 
the wafer Suction is from the outlet 153 by means of a downstream fume extraction 
5 pump A feature of the apparams 150 is that it operates without attenuating the 
beam as it is deUvered over the scan area. Accordingly, the inlets 154 and 157 are 
designed such that when the wafer is at a specified height, there is a net flow of air 
mto the extraction system. The extraction is required to prevent deposition of debns 
on active or sensitive materials on the wafer surface and on optic. This is to prevent 
10 damage and to ensure that debris does not impede inspection of fiduaals for 
ahgmnent. Finally, the extraction system also provides a means to assist (he 
machining process itself. 

Another feature of the apparatus 150 is that it has the capabihty to deUver an assist 
15 gas to the machining front to aid the machining process. IHe apparatus 150 has a gas 
assist system 160 mounted in a support 156. The location is above the location of the 
semiconductor in use. The gas assist system 160 is shown (inverted) m Fig. 15. In 
tiie particular case where the machining direction is along the direction of nl to n2. 
the nozzles nl and n2 provide air assist parallel to the chamiel and shift the debns 
20 away from the laser focal point IHe nozzles are on separatdy controUed an: hnes 
and the flow rate through each is independently controllable. 

In the example of cutting in the direction along nl to n2. the four no^es marked n3 
arebranchedoffequallyfromasingleairline. lUey form an air curtain around the 
25 cut and are for containment of the debris. They also contribute to the upward draft 
of air that pulls the debris into the extraction system For cutting along alternate 
directions, for example the perpendicular direction to the direction between nl and 
n2. additional nozzles can be added and the air flow switched according to the 
direction in which the cutting takes place. 
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Returning to the laser beam control, the foUowmg are specific examples of control 
,parameters and resultant machined formation parameters. 

Examjple 1: Machimng a 200 miaon channel in Sflicon 

Fig 16 is a graphical example of the drilling strategy apphed to cut a 200 micron 
wide chamiel with a 355mn laser system at a specific power level. The channel is cut 
by cutting mostly from the bottom of the wafer, and then completed by turmng the 
wafer over and finishing cutting the channel. 

This ensures maximum speed and highest cut quality. The wafer is cut from the 
bottom in two steps. Bottom Step 1 is for drilling the bulk of the chamid, and 
Bottom Step 2 is a fast scan around the chamiel for cleaning any residual matenal. 
The wafer is cut from the top in three steps. 



15 



Top Step lis for drilling the bulk of the channel. 

Top Step 2 is applied for removing residual material that remains on the inside of the 
channel wall after machining from the bottom. 

Top Step 3 is a fest scan aromid the channel for cleaning and removal of residual 
20 material. 

The path the laser beam follows in Bottom and Top Step 1 is shown in Fig. 17. For 
the other steps, the path is varied accordingly. 

25 As it can be seen, for specific 200 miaon chamiels the laser is scamied along the 
length of the channel 6 times, at 30 miaon steps. 

In the 200 miaon channel case we use a lateral offset. 0.„„ =30 miaons because 
we have found that this is the optimum value for the laser parameters used in this 
30 instance, for maximum machining speed. 
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We caE vary the number of paraUd laser lines, n,„^,„„ to drill chatmels of different 
^vidths. For a given channel width S and an .optimum the n^^^ is given by 

the relation 



'■UaerUna 



S-kerf 



^centre 



+1 



10 



where the straight brackets indicate the higher integer value of the fraction (i.e. 
roundedup). kerf is the ^^dth of the trench (in microns) as defined previously. If the 
chamxel width is equal to the kerf the value of njaser lines is equal to 1. 

m the majority of cases ^ will notbe an integer. In this case, either one 0_ 

^centre 

value must be smaller, or all 0_ values must reduce to. fit the required number of 
laser Unes. The newvalue of 0_ is then given by the relation 

(5 -kerf) 

Fig. 18 shows an SEM image of the aoss section of a 200 micron chamiel in silicon. 
The channel was drilled using the strategy of Fig. 16. 

20 The drilling parameters for this channel are: 

Pulse energy =138 micro-Joules 

Galvanometer scanning speed for Bottom Step 1. Top Step 1 & 2 =111 mm/s 
Galvanometer scamiing speed for Bottom Step 2. Top Step 3 =222 mm/s 



25 



Oc«« =30 microns 
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n,a«w/»«.forBottoinStepl = 6 

z-„,,g„ht Bottom Step 1 = 19 
n,^,^forBottomStep2 = 2 
for Bottom Step 2=1 
5 «w.«forTopStepl = 6 

n^<^forTopStep2 = 4 
Wf°^ Top Step 2=1 
«to«*in«forTopStep3 = 2 
10 ^i..««r for Top Step 3=1 

Finally the length of the street is detenninedhy the area of the optical field of view. 
Repeating ihe process by stitching Ihe fields of view and conttolling position enables 
machining of long streets or chamiels. 

•nxe machining speed for this channel is 0.8 mm/s for a wafer of TOOmicrons in 
thickness using a laser operating at 355mn. 



20 Example 2: 120 micron chamiels in silicon 



Fig 19 gives a graphical example of the drilling strategy applied to cut a 120 micron 
chamiel. The chamiel is cut by cutting half way firom the bottom of the wafer, and 
then finished by mming the wafer over and finishing cutting the chamid. Th«s 
25 ensures maximum speed. The wafer is cut from the bottom in two steps. Bottom Step 

1 is for drilling the bulk of the channel up to the centre of the wafer, and Bottom Step 

2 is a fest scan around the channel for cleaning and residual material. 
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The wafer is cut from the top in two steps. Top Step 1 is for driUing liie bulk of the 
chaimel. Top St^ 2 is a fest scan around the channel for cleaning any residual 
material . 

5 The path the laser beam follows in Bottom and Top Step 1 is shown in Fig 20. The 
path die laser beam follows in Bottom and Top Step 2 is shown in Fig. 21. 

The drilling parameters for this chamid are 

10 Pulse energy =138 micro-Joules 

Galvanometer scanning speed for Bottom Step 1. Top Step 1 =111 mm/s 
Galvanometer scamung speed for Bottom Step 2, Top Step 2 =222 mm/s 

=30 microns 
nwM«forBottomStepl=4 
15 z^,^^fbrBottomStepl = 14 
ntorf»«forBottomStep2 = 2 

^■mver Bottom Step 2 =1 
n,„^^= for Top Step 1 = 4 

20 n,^i«,forTopStep2 = 2 
for Top Step 2=1 



aaeger 

The machining speed is Imm/s 



25 



The machining rate in the above examples is dependent on the laser power. To 
exploit an increase in laser power it is essential to choose the beam diameter at focus 
such that the energy density is in the near Imear or plateau region as illustrated m 



Fig. 6. 
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To optimise machining speed for through channels, the beam diameter, pnlse 
repetition rate and therefore average power output of the las^r, are selected so as to 
yield me festest machining speed. These parameters will dictate the galvo scan 
5 velocity, number of parallel laser lines, njaserlines, and the number of steps. 
z_integer, throu^ the sample. 

This aspect of the invention enables exploitation of higher power laser systems for 
increasing machining speed without affecting the quality of the machined substrates. 
10 The example for a 120 micron channel is in a 700 micron wafer. A Imm/s speed is 
achievable at the specified laser energy. For a threefold mcrease in laser power for a 
laser operating at fliis wavelength 3mm/s is possible. 

For thinner wafers the machining speed is increased as z_integer and njaser lines 
15 can be reduced. Accordingly, in a 500 micron wafer, speeds in the region of 1.4 to 
1 .5mm/s are possible. Scaling witii a threefold inaease in power gives ~4.5mm/s. 

Finally, it can also be demonstrated that this is achievable with a 532nm laser. In 
particular, where machining form the topside and bottomside is used chipping can be 
20 eliminated. The power levels available form 532mn sources are significantly higher 
and therefore significant speed improvements are possible. 

The invention is not limited to the embodiments described but may be varied in 
construction and detail. 



wo 02/34455 



PCT/rEOl/00136 



28- 



1 A method of machining a semiconductor material using a laser beam in 
which a formation is machined in the material to a width S using a laser beam 
of intensity Ib. and in which the beam is controlled to machine the material 
with a kerf K, 

characterised in that, 

the beam is controlled to scan n times, n being n ^ 1 and. where n > 1. each 
subsequent scan is laterally offset and parallel to a preceding scan, and n is ^ 
S/K. 

2 A method as claimed in claim 1. wherein the value for Ib is chosen to lie in a 
15 " range of values of Ib for which material removal rate increases with incteasmg 

Ib. 

3 A method as claimed in daim 2. wherein Ib is in a range for which material 
removal rate increases at a rate of at least 30% with increasing intensity. 
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6. 



30 



A mefliod as claimed in daim 1. wherein the lateral offeet between scans is in 
the range from one micron to the kerf K. 

A method as daimed in any preceding daim. wherein the lateral o&et 
between scans is sdected by varying the lateral offeet in steps from one micron 
to the kerf until the net machining speed is optimised. 

A method as daimed in any preceding daim. wherdn madiining is adiieved 
by repeating scans with n ^ 1 in each of a number of steps (z) so that 
material is removed in a sequence of steps from the surface downwards. 
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A metHod as, claimed in any preceding daim. wherein the beam dimensions 
at focus are controUed so that the beam intensity. Ib. results in minimisation 
of the total number of scans required to define the required formation. 

A mefliod as daimed in any preceding daim, wherein the laser beam is 
pulsed, and the pulse repetition fi:equency and scan speed are diosen to 
provide a pulse overlap in the range of 30% to 98%. 

A method as daimed in any preceding daim. wherein the laser beam is 
pulsed, and the pulse overlap is sdected in the region of 30% to 85% to 
control and refine the texmre and roughness of the walls of a madimed 
chamid or the walls and bottom of a machined trough and to dean residual 
debris. 



10 A method as daimed in any preceding daim, wherein the chamid width (S) is 
chosen so that the net madiinmg speed is festest when compared to the 
madiining speed for larger or smaller diamiel widths as machined under 
optimal values for the number of paralld laser lines for that particular diannd 

20 width. 

11 A method as daimed in any preceding daim. wherdn the laser beam 
wavelength is in the range of 350mn to 550mn. the repetition firequency is 
greater than 5kHz, and the average laser beam power is greater flianSW. 

12 A method as claimed in any of claims 1 to 10. wherein the laser beam 
wavdength is in the range of 250 to 300 mn. the repetition firequency is 
greater than IkHz, and the average power output is greater than IW. 
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-so- 
ls. A method as daimed in any of daims 6 to 12, wherein scan velocity, laser 
power, and pulse overlap are chosen to control depth of material removal in 
any one scan. 

14. A method as daimed in any preceding claim, comprising the further step of, 
afier madiining, performing a final laser scan in which: 

the beam diameter is greater than die widA S, and 
the beam intensity is bdow a madiining intensity threshold; 
whereby a machined formation is deaned. 

15. A method as daimed in any preceding daim, wherein the method is 
15 performed to machine through diannds to singulate die, 

16. A method as daimed in any preceding daim. wherdn the semiconductor 
material is a substrate for a micro-fluidic. 
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17. A method as claimed in daim 16, wherein a trendi is formed in a surface of 
the substrate, the trench being suitable to act as a fluid dehvery channd of a 
micro-fluidic device. 

18. A method as daimed in any preceding daim, wherein the number of scans 
and lateral offsets of the scans is varied so that a tapered structure is formed in 
the material. 

19. A method as daimed in daim 18. wherein a tapered structure is formed in a 
circular or elongated aperture. 
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A method as claimed in claims 18 or 19. wherein a ptoahty of tapered 
structures are. machined to form wells, funnels and through hole channels of 
the micro-fluidic device. 



21. A method as dauned in any preceding daim, wherem the material is 
machined from a top side, and subsequently from a bottom side, the 
formations from the sides joining to form a single through formation. 

22. A mediod as claimed m daim 21, wherein a top side camera and a bottom- 
side camera are aligned and calibrated sudi that a transformation mapping 
coordinates of the top camera to coordinates of the bottom camera is known, 
and the top side and bottomside material coordinates are registered with 
respect to each other for registration of machining on both sides. 



A method as daimed in daims 21 or 22, wherein machining of the material 
from both sides enables the formation of curved and tapered dongate and 
circular wall structures. 



24. A method as daimed in any preceding daim, wherein a fume extraction head 
is used for extraction of fumes and solid debris from above and below the 
material, and wherein assist gas is directed at the material to control the 
deposition of debris and assist the machining process. 

25. A laser madiining apparatus comprising a laser source, means for directing a 
laser beam from the source at a semiconductor material to machine with a 
kerf K to a width S, and a controller for controlhng parameters of the laser 
beam, 



characterised in that, 

30 



wo 02/34455 



PCT/IEOl/00136 



-32- 



Ihe controUer comprises means for directing the laser beam in a pluraUty of n 
parallel passes, said passes being laterally ofifeet, and wherein n is greater than 
or equal to S/K. 

5 26 A laser machining apparatus as claimed in daim 25 wherein the controller 
comprises means for controlling laser beam intensity, (i,) so that it Hes in a 
range of values of intensity for which material removal rate increases with 
increasing intensity. 
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A laser machining apparatus as claimed in daims 25 or 26 further comprising 
a fume extraction system having suction inlets above and bdow the material 
support means. 

A laser madiining apparams as daimed in any of the claims 25 to 27 funher 
comprising a gas blowing system comprising nozzles for directing an assist 
gas over the material being machined. 

A laser machining apparatos as daimed in any of the daims 25 to 28 
incorporating a vision system whidi consists of top and bottom camera 
systems in registration with eadi oflier. and a controller comprising means for 
using images from the cameras to ensure registration of the material after 
flippiag. 
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n Jaser lines « 
zjnteger » 1 

njaser lines = 
zjnteger = 

njaser lines 
zjnteger = 

njaser lines 
zjnteger = 

njaser lines 
"zjnteger = 



A five stBp machining stmtegy requiring a total of 28 laser scans. 



Fig. 3 
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Plot of Depth against Energy for various overiaps \ 



Depth 
(microns) 




•Rg. 6 
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Fig. 9 
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Fig. 15 
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Fig. 17 
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Fig. 19 
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